INTRODUCTION
============

Subarachnoid hemorrhage (SAH) resulting from rupture of intracranial aneurysms is a highly fatal condition with a mortality rate as high as 50% in the 1st month.^[@R1]--[@R3]^ Although vasospasm was the main cause of mortality and morbidity after aneurysm rupture, the CONSCIOUS-2 trial showed no significant effect of clazosentan, an endothelin receptor antagonist, on preventing vasospasm-related sequelae.^[@R4],[@R5]^ These disappointing results might indicate complex and uncertain pathophysiology of the cerebral vasospasm in patients with SAH. In addition to vasospasm, established predisposing factors for poor clinical outcome after aneurysmal SAH include older age, female gender, hypertension, smoking, and larger amount SAH on admission computed tomography (CT).^[@R6]--[@R9]^ In addition, manifestation of both local and systemic inflammation has been shown to associate with worse clinical outcome.^[@R10],[@R11]^

Cyclophilin A (CyPA), a specific secreted oxidative stress-induced factor, is ubiquitously distributed and abundantly expressed in vascular smooth muscle cells.^[@R12]--[@R14]^ In addition to multiple intracellular functions, such as immunophilins and components of the cell cycle,^[@R15]^ CyPA has extracellular roles in inflammatory diseases such as rheumatoid arthritis and atherosclerosis.^[@R13],[@R16]^ The characteristic pathological features of an aneurysm are intense oxidative stress, inflammation, and apoptosis of smooth muscle cells.^[@R17]^ In an animal study of abdominal aortic aneurysm, Satoh et al^[@R18]^ showed that intracellular and extracellular CyPA, derived from vascular smooth muscle cells, plays an important role in the formation of an aneurysm. Furthermore, Piechota-Polanczyk et al^[@R19]^ found decreased tissue levels of CyPA in simvastatin-treated patients with abdominal aortic aneurysm. However, to our knowledge, the clinical implication of CyPA in ruptured intracranial aneurysmal microenvironment has not been investigated.

The purpose of our study was to investigate the associations between the neurological outcome and CyPA levels, measured both at the orifice of ruptured saccular intracranial aneurysm and in the remote peripheral vein. Our hypothesis was that manifestation of high plasma CyPA is a prognostic biomarker for worsening clinical course.

METHODS
=======

Patients
--------

The approval from the institutional ethics review board of Changhua Christian Hospital, Changhua, Taiwan was received for this study, which was performed in compliance with the Helsinki Declaration. The patients or next of kin gave written informed consent for participation. From 2011 to 2013, patients with the diagnosis of ruptured saccular intracranial aneurysms were prospectively recruited and treated with endovascular embolization. The exclusion criteria included histories of brain tumor, head trauma, ischemic stroke, or hematological disorders.

We documented a battery of confounding risk factors associated with aneurysm rupture, including age, gender, smoking, as well as histories of hypertension and diabetes mellitus. The clinical severity of SAH was evaluated by a neurologist (CSL, 18 years of clinical experience in neurology) with the Glasgow coma scale and modified Rankin scale on admission (day 0) and day 30 recorded, respectively.

CT of the Brain
---------------

Noncontrast CT and CT angiography of the brain were performed with a dual source CT system (SOMATOM Definition FLASH, Siemens Healthcare, Forchheim, Germany) with standardized protocols for all patients. The CT an giography was performed with antecubital injection of nonionic contrast material (Ultravist 370, Bayer-Schering HealthCare, Berlin, Germany) at flow rate of 4 mL/second using a power injector and the following scanning parameters: 132 mAs at 100 and 140 kV, rotation time 0.33 seconds, pitch 0.9, and slice acquisition 64 × 0.6 mm. Images were reconstructed with a slice thickness of 0.75 mm each 0.5 mm with a 512 × 512 matrix and individually adapted the field of view (130--150 mm). The delay between the injection of contrast and the start of the scan was set to 40 seconds. The source images of CT angiography were then transferred to a stand-alone workstation (Wizard, Siemens, Forchheim, Germany) and reconstructed with the volume rendering method. An interventional neuroradiologist (KWL, 18 years of clinical experience in neurointerventions) weighed the Fisher grade^[@R20]^ on the noncontrast brain CT images. A culprit aneurysm was determined based on the SAH distribution and aneurysm location found on CT angiograms.

Endovascular Procedures
-----------------------

Patients were transferred to our neuroangiography suite once the vital signs were stable. We performed a focused 3-dimensional rotational digital subtraction angiography of every culprit aneurysm identified on the CT images with an Axiom Artis zee biplane (Siemens Medical Solution, Erlangen, Germany) neuroradiologic angiography system. The standard endovascular procedures and adjunctive therapies were detailed in our previous study.^[@R21]^ In addition to recording the aneurysmal location, number, size, and morphology, the neuroradiologist gauged the vasospasm grade, on a scale of 0 to 4.^[@R22]^

For each patient, blood samples were drawn from a microcatheter at the orifice of the ruptured culprit intracranial aneurysm and in a remote peripheral vein. We used commercially available enzyme-linked immunosorbent assay kits (USCN Life Science, Wuhan, China) to gauge the aneurysmal and venous CyPA levels.

Statistical Analyses
--------------------

We dichotomized the day-0 Glasgow coma scale scores at 13 and the day-30 modified Rankin scale score at 3. The Fisher and vasospasm grades of 3 or higher were categorized as high-grade abnormalities. Mann--Whitney *U* and Fisher exact tests were used to exam the differences between groups for the continuous and categorical variables, respectively. The Pearson Chi-squared test was used to assess the difference of dichotomous clinical severities among patients with different locations of the culprit aneurysm. The correlations between the plasma level of aneurysmal CyPA and the confounding factors were evaluated with the Spearman rank correlation coefficients. Optimal cutoff values for the plasma CyPA levels within 3 days after aneurysm rupture to predict the neurological outcome on day 30 were determined by constructing the receiver operating characteristic curves.

Generalized linear models were used to estimate the association between the high CyPA levels and dichotomous 30-day outcome after adjusting for potential confounding factors, including age, gender, hypertension, smoking, multiple aneurysms, aneurysm size, vasospasm, and Fisher grades. The results are given in odds ratios with 95% confidence intervals. Significance was assigned at 2-sided *P* value \< 0.05. IBM SPSS Statistics (version 20; IBM Corp., Armonk, NY) and MedCalc (version 14.10.2; MedCalc Software, Mariakerke, Belgium) were used for the statistical analyses.

RESULTS
=======

A total of 39 consecutive patients with ruptured saccular intracranial aneurysm underwent endovascular treatments in our neuroangiography suite. Excluding 3 patients (7.7%) due to inadequate blood sampling, we included 36 patients with 39 aneurysms found. Among the 36 patients, the mean age was 55 years (range 32--82) and 52.8% were female. We secured all the ruptured intracranial aneurysms with platinum detachable coils within 1 day after admission. Three patients (8.3%) died during the follow-up. All of our patients had no history of diabetes mellitus. The ruptured aneurysms occurred most commonly in the anterior and posterior communicating arteries (14 and 13 patients, 53.8% and 50.0%, respectively). The less common locations were middle cerebral artery, internal carotid artery, and vertebral artery (4, 3, and 2 patients, 11.1%, 8.3%, and 5.5%, respectively). Patients with different locations of the ruptured aneurysm did not show significant different dichotomous clinical severities on admission and day 30 (*P* = 0.13 and 0.12, respectively).

The ruptured intracranial aneurysms were generally small (median 5 mm; range 2--18). The median plasma CyPA levels were 62.5 ng/mL (range 26.0--147.0) and 77.1 ng/mL (range 15.7--182.0) at the orifices of the ruptured aneurysms and in the remote peripheral veins, respectively. Table [1](#T1){ref-type="table"} details the patient characteristics. The manifestation of higher aneurysmal and venous CyPA levels were significantly associated with worse initial clinical severity (*P* = 0.004 and 0.03, respectively) and 30-day outcome (*P* = 0.01 and 0.02, respectively). In the univariate analyses, the poor 30-day outcome was also significantly associated with high vasospasm grade and marginally associated with older age. Table [2](#T2){ref-type="table"} demonstrates a strong correlation between the aneurysmal CyPA level and the venous counterpart (ρ = 0.89; *P* \< 0.001) as well as a moderate correlation between the aneurysmal CyPA level and age and high Fisher grade (ρ = 0.39 and 0.41; *P* = 0.02 and 0.01, respectively).
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Receiver operating characteristic analyses showed cutoff values of 69.0 ng/mL (sensitivity 61.9%; specificity 86.7%; *P* = 0.002) and 85.8 ng/mL (sensitivity 52.4%; specificity 93.3%; *P* = 0.007) for the aneurysmal and venous CyPA levels, respectively, to predict poor 30-day outcome. In a generalized linear model, patients with high levels of aneurysmal CyPA were 15.66 times (95% confidence interval, 1.48--166.24; *P* = 0.02) more likely to have worse 30-day neurological outcome than those with the low levels after adjustment of the age, gender, and other confounding factors (Table [3](#T3){ref-type="table"}).
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DISCUSSION
==========

We discovered the association between high plasma levels of CyPA measured within 3 days after aneurysm rupture and worse 30-day neurological outcome. The aneurysmal CyPA levels showed a strong correlation with the corresponding venous CyPA levels while the venous levels were significantly higher than the aneurysmal counterpart. Moderate correlations were found between the aneurysmal CyPA and age and high Fisher grades.

The mechanisms involving the aneurysm formation and rupture include chronic inflammation and progressive destruction of the arterial wall, associated with premature senescence of vascular smooth muscle cells, oxidative stress, and increased local production of proinflammatory cytokines.^[@R23]--[@R25]^ In an animal study, Jin et al^[@R13]^ found that CyPA is secreted by vascular smooth muscle cells in response to reactive oxygen species, which feature cardiovascular disease states. Satoh et al^[@R18]^ demonstrated that the formation of abdominal aortic aneurysm in the angiotensin II-induced ApoE^−/−^ mice model can be completely prevented against a CyPA^−/−^ background. Furthermore, CyPA was found to associate with susceptibility of structural components of the aortic wall to aortic dissection in a mouse model.^[@R26]^ These findings approve the role of CyPA in the formation of an abdominal aortic aneurysm. However, the clinical implication of high CyPA level in the microenvironment of intracranial aneurysms has not been investigated in the English literature. Our results were the first to reveal the prognostic role of CyPA in patients with ruptured intracranial aneurysm.

In our study, the plasma level of CyPA was positively associated with age, a finding consistent with the results in a cohort of patients with diabetes mellitus and in a cohort with coronary artery disease.^[@R27],[@R28]^ Furthermore, CyPA expression was found significantly higher in elderly rats than in young ones.^[@R29]^ Although not measured with the same laboratory testing kit nor in the same patient age group, the plasma level of CyPA (median 77.1 ng/mL) in our patients (mean age 55 years) with ruptured intracranial aneurysm was apparently higher than the levels in the cohort of coronary artery disease (4th quartile CyPA 17.5--50.9 ng/mL; median age 68 years).^[@R28]^ In addition, we found that patients with high Fisher grades had higher plasma level of CyPA than those with low grades. These findings may suggest an elevation of plasma CyPA after SAH although our patients were not recruited before rupture of the aneurysm and the baseline CyPA levels were not available. Histologically, ruptured intracranial aneurysms manifest significant endothelial damage and inflammatory cell invasion, which may exist before aneurysm rupture.^[@R30]^ Hence, the accumulation of plasma CyPA may be explained by increased excretion from activated inflammatory cells, such as diseased vascular smooth muscle cells, macrophage, and lymphocyte, either in the aneurysmal lumen or in the subarachnoid space.

In our results, the aneurysmal CyPA level was lower than the venous counterpart. Although it is conceivable to measure higher plasma levels of CyPA in patients with larger intracranial aneurysms, the association was not evident in our patient group. The mismatch might be contributed partly by the small aneurysm sizes in our patients and partly by the overwhelming inflammatory reaction in the relative large subarachnoid space. As a result, the plasma CyPA levels might more likely reflect the local and systemic inflammation than the aneurysm size.

This study\'s main strength was the simultaneous measurements of the plasma level of CyPA at the orifice of the ruptured saccular aneurysm and the venous counterpart to reveal the association between the inflammatory biomarker in the early phase of aneurysm rupture and neurological outcome. Our study had limitations. First, the patients in our study were relatively small in number, and the results were from a single medical center. Second, we excluded patients undergoing surgical clipping in order to eliminate a variety of surgical confounding factors. Third, we measured the plasma CyPA levels once within 3 days after aneurysm rupture and targeted to find early biomarkers to predict clinical course. Furthermore, we did not routinely assess imaging dynamics of the vasospasm and associated delayed cerebral ischemia. However, a large series showed that the occurrence of delayed cerebral ischemia does not contribute to worse outcomes.^[@R31]^

In conclusion, the early manifestation of focal and systemic inflammation, reflected by plasma CyPA levels, is associated with poor neurological outcome in patients with ruptured intracranial aneurysm. The result delineates a prognostic role for CyPA in the ruptured intracranial aneurysm and suggests CyPA as a potential target in treating aneurysmal SAH.
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